In the spinal cord of the lamprey, regeneration of giant reticulospinal axons occurs following transection. We show that partial degeneration of the proximal axonal segment, or "die-back," also occurs following spinal transection and it precedes regenerative outgrowth. The die-back during the first 5 days post-transection is reduced significantly by application of a lo-PA DC currenc across the site of transection, with the cathode distal to the lesion. Reversing the polarity of the applied current (cathode proximal to the lesion) increases the extent of axonal die-back relative to the sham-treated controls. Following spinal transection, saline-filled wick electrodes were implanted in the body musculature on either side of the lesion. Electrically treated animals received current across the lesion for 5 days, while the sham-treated controls received no current. After 5 days, several giant axons in each preparation were injected intracellularly in the spinal cord with the dye Lucifer Yellow. The extent of axonal die-back in the proximal cord stump was determined in the filled fibers by measuring the distance of the axon end from the site of lesion. The mean distances of axonal dieback were as follows: controls, 1750 pm + 45 SEM; cathode-distal, 740 pm f 33 SEM; cathodeproximal, 2820 pm + 60 SEM. These differences between the treatment groups proved to be significant using the Wilcoxon rank sum test. We propose that die-back is caused by the entry of cations driven into the cut surface of the cord by the endogenous injury current. The applied DC current interacts with the endogenous current of injury to either decrease or increase the flow of cations into the cord, depending on the direction of applied current flow across the lesion. This in turn causes a corresponding reduction or enhancement of the axonal die-back.
The complex shape of a differentiated neuron may result from a continuous dynamic interplay between the breakdown and assembly of the cytoskeletal elements (Lasek, 1981) . Experimental axotomy evokes a sequence of plastic alterations in nerve cell form involving both the breakdown and the growth of neurites still attached to the soma. We have therefore used this procedure to study axon degeneration and growth in giant reticulospinal neurons within the brain and spinal cord of a primitive vertebrate, the lamprey Petromyzon mczrinus. We examined in particular the early degeneration of the ends ' of severed axons in the proximal spinal cord stump that precedes their regenerative outgrowth. It has long been known that an initial axonal response to spinal cord injury consists of a retrograde degeneration in the proximal axonal stump that proceeds from the site of lesion toward the brain for several millimeters. Cajal (1928) described an early retrograde "traumatic degeneration" that occurred in a progressive manner from the site of lesion for 1 to 2 mm into the proximal cord stump. He differentiated this process from the Wallerian degeneration of axon segments detached from their cell bodies. He suggested that this limited, progressive fragmentation of the proximal axon segment occurred by the formation of swollen retraction buds and their eventual detachment and dissolution.
A variety of other mechanisms have been proposed more recently to account for this early progressive retrograde degeneration or "die-back" of spinal axons following injury. These include an active extrusion of axoplasm driven from the cut end by axoplasmic flow . The swelling of the retraction bud also has been attributed to the accumulation of axoplasm at the cut ends due to orthograde axoplasmic flow (Friede and Martinez, 1970) . Lysosomes are prevalent in the retraction bud and their lytic enzymes are suggested as the cause of the degradation of the tip of the injured axon that leads to the formation of microcysts. These microcysts then coalesce to result in cavitation of the proximal and distal stumps seen following injury to the mammalian spinal cord .
Previously we have found in the lamprey that a DC current applied across the site of a spinal cord transection for 5 days causes an enhancement in the regeneration of giant reticulospinal axons observed 40 to 60 days after the lesion (Borgens et al., 1981) . In the present study we ask whether this enhanced spinal cord regeneration induced by applying DC current might be due to a modification of the early die-back process. We also sought to determine the effect of the direction of current flow across the lesion on the extent of die-back. We therefore applied 10 PA of DC current across the site of transection for 5 days and then examined the extent of die-back in single giant reticulospinal axons at that time. We find that applied current across the lesion can significantly modify the extent of die-back in severed axons of the proximal cord stump. We feel that this may play a role in enhancing spinal axon regeneration following application of DC current across the site of injury in the transected spinal cord.
Materials and Methods
Amocoete larvae of the lamprey Petromyzon marinus 8 to 10 cm in length were obtained from fresh water streams in Maine. They were kept in the laboratory at 15°C for as long as 3 months in large aquaria with aerated well water and a substrate of sand. No additional food was provided other than that possibly present in well water.
Surgical procedure and electrical stimulation. All animals were anesthetized in a 0.033% solution of benzoCaine in lamprey saline (Wickelgren, 1977) . Under a stereo dissecting microscope a dorsal transverse incision, approximately 7 mm wide, was made 1 cm caudal to the last gill slit. This incision cut through the dorsal surface down to the notocord and, therefore, completely transected the spinal cord. The free cut ends of the cord were clearly visible under the stereo microscope. Using a blunt glass rod, two longitudinal tunnels, each about 2 cm long, were made between the dorsal skin and the body musculature, one rostra1 and the other caudal to the lesion. A wick electrode was inserted into each tunnel running parallel to the underlying spinal cord for a distance of approximately 1 cm distal and 1 cm proximal to the cut (Fig. 1) . The wick electrodes (Patter Products, Beaverton, OR) consisted of a Silastic tube (OD = 0.025 in., ID = 0.012 in.) containing a cotton wick, which was filled with lamprey saline prior to implantation in order to provide electrical continuity. The wounds then were closed using 8-O nylon sutures (Ethicon Inc., Somerville, NJ). Immediately following closure of the wound the animal was placed in a container filled with aerated saline. The two exposed ends of the wick electrodes were The current was delivered to the animal through wick electrodes filled with lamprey saline and connected to a DC power supply through saline bridges (small beakers). The power supply was connected to the saline bridge through chlorided silver wires. A microammeter was used daily to monitor the applied current flowing through each animal and to make any adjustments to ensure that this value was maintained at approximately 10 ,sA.
placed into saline wells which were connected to a Heathkit (model IP-17) DC power supply via chlorided silver leads ( Fig. 1) . Animals with implanted electrodes were divided into three groups: (i) a "cathode-distal" treatment group in which current was passed across the transection with the cathode distal to the lesion; (ii) a "cathode-proximal" treatment group, in which current was applied with the cathode proximal to the lesion; and (iii) a "sham treatment" group (controls), in which electrodes were implanted but no current was applied. A Keithley model 602 microammeter was used to measure the applied current, and the voltage was adjusted to 60 to 70 DC volts to deliver approximately 10 PA across the lesion. The applied current was measured immediately after surgery, later that day (several hours postsurgery), and then was monitored daily during the 5-day treatment period. All animals were kept at 15 to 16°C throughout. During the first day after surgery, lampreys were maintained in saline to minimize any possible osmotic damage to surgically exposed tissues. Thereafter they were transferred to well water which was changed daily for the balance of the 5-day experimental period.
A total of 28 of 36 operated lampreys survived for 5 days after surgery and then were sacrificed and examined. The 8 animals lost were evenly distributed in the three treatment groups.
Physiology and anatomy. Five days after transection, the animal was anesthetized in a 0.033% solution of benzocaine in saline. The brain and the attached segment of the spinal cord proximal to the lesion were dissected completely free from the animal and pinned out on a clear Sylgard surface in a Petri dish filled with well oxygenated saline. The dura was removed and two pairs of silver wire electrodes were placed on the surface of the cord to stimulate and record extracellulary from the giant axons. The characteristic lateral location of the Mauthner axons and the ventromedial grouping of the Miiller fibers ( Fig. 2 ) could be observed in the isolated living spinal cord. This permitted the penetration of individual giant axons 1.5 cm proximal to the site of lesion using microelectrodes filled with the fluorescent dye Lucifer Yellow (Stewart, 1978) . Hyperpolarizing current pulses of 500 msec duration and 20 nA amplitude were passed at 1 Hz for 10 min in order to fill the axon with the fluorescent dye. The cords were allowed to stand for 2 to 3 hr in saline to permit intracellular diffusion of the dye from the penetration point. They then were fixed, dehydrated, and cleared as previously described (Stewart, 1978) . Finally, whole mounts of these cords were examined and photographed in transmission fluorescence optics on a Zeiss Universal microscope. Slides of a whole mount were projected to measure the distance of the end of each dye-filled axon from the site of lesion.
Tissue from some of the whole mounts was cleared in methyl salicylate and was prepared for sectioning as follows: a O.&cm length of cord proximal to the lesion was placed in two changes of ethyl alcohol for 15 min each, then placed in a mixture of 50% propylene oxide and 50% Spurr's medium overnight. The tissue then was embedded in Spurr's medium, and 3-pm sections were cut for examination with epifluorescent optics.
Results
We measured the distance between the ends of injected giant axons and the lesion 5 days following transection. The extent of this "die-back" was measured in the three treatment groups described above; i.e., a cathode-distal group, a cathode-proximal group, and the sham-treated controls. In the three treatment groups, all dye-filled axons had tips that were proximal to the site of transection; that is, all axons died back from the lesion. In any single preparation the extent to which different injected axons died back varied considerably. Despite this variability, it became apparent that there were differences in the extent of die-back in the three treatment groups. In the sham-treated controls, some axons ended near the lesion but others terminated several millimeters more proximal as shown in Figure 3 (top). On the other hand, in the cathode-distal group, axonal die-back from the lesion was not as extensive as in the controls. In several of these preparations, many axon ends were observed near the site of transection, as shown in Figure 3 (bottom). However, in the cathode-proximal group (Fig. 4a ), the injected axons died back much further from the lesion than in either the controls or the cathode-distal preparations.
The nature of axonal die-back. The shape of the end of the dye-filled axons varied from a blunt termination to a fine tapered extension. There was often a mottled appearance in the dye density at the very end of the transected fibers and sometimes the stained material at the end was fragmented (e.g., Fig. 4~ ). The question thus arose whether these different dye-filled terminal configurations of severed axons indeed represented their true anatomical terminations.
To answer this point, we correlated the appearance of the filled, severed axons in the whole mounts with transverse 3-pm sections of the same preparations examined in epifluorescence optics, as shown in Figure 4 . Sections of such cords clearly show the location of each dye-filled axon. In addition, the background fluorescence in these sections revealed the outline of the cord and some of the internal structure, such as the central canal and profiles of other unfilled giant fibers. In the most proximal crosssection (Fig. 4b) , the number and location of the bright fluorescent profiles correspond to the number and position of the filled fibers seen in the whole mount. Large axon profiles with a slight background fluorescence are unstained giant fibers. When following a dye-injected profile distally in successive transverse sections, the fluorescence may fragment (Fig. 4~) and, in more distal sections, the fluorescence is lost altogether (Fig. 4, c, d , and e). Regions of fluorescent fragments in the sections correlate with areas of faint or interrupted fluorescence in the distal portion of the filled fibers seen in the whole mount. Only a dark empty profile is seen in the section corresponding to the location in the whole mount where the dye-filled axon has ended (Fig. 4, e and f) . These empty profiles do not resemble the profiles of unfilled axons which have a detectable background fluorescence Control Vol. 3, No. I, Jan. 1983 I lmm I Cathode Distal (Fig. 4d) . Therefore, we conclude that the terminal point end from the lesion was measured in the proximal stump of fluorescence in the whole mount represents the true 5 days after spinal cord transection. Of this total, 36 end of the severed axon; it correlates with the end of fibers were obtained from 10 sham-treated (control) prepfluorescent profiles and the beginning of black, empty arations, 37 fibers were obtained from 8 cathode-distal spaces seen in the corresponding cross-sections.
preparations, and 34 fibers were obtained from 10 cathDie-back distances in different treatment groups. A ode-proximal preparations. The average distances of total of 107 giant axons in three experimental groups axon die-back were calculated for each experimental were filled with Lucifer Yellow. The distance of the axon group and are shown in Figure 5 . It is apparent that 5 DC current was applied across the lesion (white dashed line) for 5 days after injury with the cathode proximal to the site of transection.
The extent of axon die-back ranges from 650 to 5050 am and is greater than either in the control or in the cathode-distal preparation (cf. Fig. 3 ). Five-micrometer sections taken from the whole mount shown in a are seen 
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Roederer et al. Vol. 3, No. 1, Jan. 1983 CATHODE DISTAL CONTROL CATHODE PROXIMAL TREATMENT GROUPS days of DC current across the lesion with the cathode distal to the injury site reduces the average extent of dieback (mean, 740 pm f 33 SEM) as compared to the controls (mean, 1750 pm + 45 SEM). Preparations treated with a cathode proximal to the lesion showed considerably greater die-back (mean, 2820 pm f 60 SEM). These differences in the mean distance of dieback in the different treatment groups were found to be statistically significant using the Z test (p < 0.01) (Peatman, 1963) .
In order to examine the distribution of distances of the axon tips from the lesion in the three treatment groups, the data were ranked and plotted as a histogram in Figure 6 . Clearly, the distribution of data from the two groups treated with DC current is different from that of the sham-treated control group. The measurements from the cathode-distal group are displaced closer to the lesion than are those of the sham-treated controls, while the data from the cathode-proximal group are displaced away from the lesion relative to the controls.
It is also evident from the histogram that the data from the cathode-distal group do not follow a normal distribution but are skewed toward the lesion. Therefore, because the data do not follow a normal distribution, the nonparametric Wilcoxon rank sum test (White, 1952) was used to determine if the differences seen between the three treatment groups were statistically significant. The results of this test are seen in the inset of Figure 6 and show that such differences are indeed significant. Figure 6 . Distribution of the measured distances of the dyefilled axon ends from the lesion in the three treatment groups. The data were ranked according to increasing distance from the lesion. The histogram was drawn to have approximately the same total number of fibers plotted in each increment of distance. Note that the data from the cathode-distal group are skewed toward the lesion. The ranked data from the three pairs of treatment groups were compared by pairs using the Wilcoxon rank sum test. The results shown in the inset indicate that the differences between the three treatment groups are statistically significant.
Discussion
The giant axons of the reticulospinal neurons in the proximal segment of the transected lamprey spinal cord degenerate in a retrograde direction, i.e., die-back, for 1 to 2 mm from the site of injury by 5 days after lesion. We conclude in this study that DC current passed across the lesion, with the cathode distal, significantly reduces the die-back of giant axons 5 days after transection. DC current applied across the lesion in the opposite direction results in a significant enhancement of the die-back in the giant axons. A large and persistent injury current carried primarily by sodium and calcium has been shown to enter the cut proximal end of the lamprey spinal cord (Borgens et al., 1980) . We postulate that the massive influx of calcium ions carried by the injury current into the cut end of the spinal cord is the primary agent that induces the die-back of severed axons in the proximal spinal cord segment. There are several additional lines of evidence indicating that calcium enters injured axons. In the injured mammalian spinal cord an increase in calcium in the area of lesion has been shown both by direct measurements (Happel et al., 1981) and by the appearance of accumulated masses of crystalline calcium in the parenchyma of the cord (Banik et al., 1980 ). An increased conductance to calcium has been shown at the cut end of giant interneurons in the cockroach (Meiri et al., 1981) , thus suggesting that the intracellular calcium level increases in these central neurons as well following axotomy.
The critical role of intracellular calcium in maintaining the integrity of the cytoskeleton is well documented. It has long been known that a high level of intracellular calcium results directly in a depolymerization of microtubules (Wilson et al., 1970; Borisy and Olmsted, 1972; Weisenberg, 1972; Kirschner and Williams, 1974) . Such an increased intracellular calcium level also causes breakdown of neurofilaments by activating a calcium-dependent protease (Gilbert et al., 1975; Pant et al., 1979) . In addition, the manipulation of calcium in the external medium has been shown to modify the extent of Wallerian degeneration in isolated axonal segments (Schlaepfer and Bunge, 1973; Schlaepfer, 1974) . Lowering the calcium concentration in the external medium by the substitution of magnesium for calcium or the addition of EGTA as a calcium chelating agent prevents or delays the breakdown of isolated axonal segments in tissue culture. Conversely, the addition of excess calcium to the external medium accelerates the degeneration of isolated axonal segments. Schlaepfer (1974) has proposed that a large influx of calcium into the injured axon and its role in the disassembly of fibrous cytoskeletal elements (Schlaepfer, 1977; Schlaepfer and Hasler, 1979) is the critical event leading to Wallerian degeneration of isolated distal axonal segments.
We propose that a similar influx of calcium into the proximal end of the injured spinal cord, via the injury current, results in the observed axonal die-back seen in the control preparations. Thus, any factor which modifies the amount of current entering the transected cord will modify the amount of calcium flowing into the cord and therefore affect the extent of die-back in the injured proximal axon segments. The applied DC current described in this study then could interact with the current of injury such that the net amount of current flowing into the injured cord is modified. If the cathode is oriented distal to the site of lesion, the applied current counteracts the endogenous injury current resulting in a decrease of the net current entering the cut end of the axon as shown in Figure 7 . This decreases the total amount of calcium that enters these axons and thus reduces the extent of die-back. If the cathode delivering the applied DC current is oriented proximal to the site of lesion, then the endogenous and exogenous currents will CATHODE DISTAL Figure 7 . A summary diagram indicating the proposed interaction between endogenous injury current and applied electric current, showing the extent of die-back for a single giant axon in each treatment group. We postulate that the net inward current (single broad solid arrow) causes the die-back seen in each of the three treatment groups. In the sham-treated controls, the only DC current entering the axon is from the endogenous injury current(soZid thin arrows) and this gives rise to the intermediate range of axonal die-back seen in this group. In the cathode-proximal group, the applied DC current (dashed lines) sums with the endogenous injury current to produce an increase in the total inward current entering the cut axon face with respect to the control group. This could explain the observed increase in the extent of die-back seen in this group as compared to the controls.
On the other hand, in the cathode-distal group, the applied current opposes the endogenous injury current to produce a decrease in the net inward current. This causes a decrease in the extent of die-back as compared to the other two groups.
sum, causing an increase of the net current entering the cut face of the axon. This results in an even greater influx of calcium into the injured axon and thus increases the extent of axon die-back when compared to either the controls or the cathode-distal treatment group (Fig. 7) .
It is known that applied DC current with the cathode distal to the lesion enhances regeneration of the giant axons in the lamprey spinal cord 40 to 60 days after transection (Borgens et al., 1981) . We propose that this enhancement of regeneration is related to the early modification of the die-back reported here. We show that applied DC current, with the cathode oriented distal to the lesion, will diminish the extent of axon die-back. This means that after 5 days of treatment, the ends of giant axons in these animals generally are closer to the site of lesion than in untreated animals. Hence, if growth begins at some fixed time after injury, then the axons in the cathode-distal treatment group would reach the lesion area earlier than in controls because axon outgrowth starts closer to the lesion. This is precisely what was observed 40 to 60 days after injury in our previous study (Borgens et al., 1981) at which time more axons were in or across the site of lesion in the group treated with DC current than in the sham-treated controls.
In summary, we have shown that application of a DC current across a spinal lesion can either enhance or reduce the extent of die-back in proximal axon stumps, depending on the orientation of the applied current. We postulate that this occurs by an interaction between the applied DC current and the endogenous injury current. This, in turn, determines the net influx of calcium into the cut end of the cord. The total influx of calcium may then influence the extent of retrograde degeneration (dieback) of proximal axonal segments by affecting the stability of the fibrous proteins comprising the neuronal cytoskeleton. The amount of die-back then can affect the course of subsequent regeneration by determining the distance from the lesion at which the regenerating growth begins.
